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ABSTRACT

The West Antarctic Ice Sheet (WAIS) overlies a thin, varidhiekness lithosphere and a shallow uppermantle
region of laterally varying and, in some regions, very lgk@'f Pas) viscosity. We explore the extent to which
viscous effects may affect predictions of prestay geoid and crustal deformation rates resulting from Antarctic ice
mass flux over the last quarter century and project these calculations into the nexttuaf, esing viscoelastic
Earth models of varying complexity. Peak deformation rates at the end -gf @i®gulation predicted with an elastic
model underestimate analogous predictions that are based on a 3D viscoelastic Earth model (with minimym viscosit
below West Antarctica of 20Pa s) by15 and;3 mm y?in the veRCAIPAMY FRPZEHIS A e AMEIHeC HOLPIEETR IRy 2/443/4916135/cli-d-19-0479,
sites overlying lowviscosity mantle and close to high rates of ice mass flux. The discrepancy in uplift rate can be
reduced by adoptingD Earth models tuned to the regional average viscosity profile beneath West Antarctica. In the
case of horizontal crustal rates, adopting 1D regional viscosity models is no more accurate in recovering predictions
that are based on 3D viscosity modelsitbalculations that assumea purelyelastic Earth. The magnitude and relative
contribution of viscous relaxation to crustal deformation rates will likely increase significantly in the next several
decades, and the adoption of 3D viscoelastic Earth modetsigses of geodetic datasets [e.g., Global Navigation
Satellite System (GNSS); Gravity Recovery and Climate Experiment (GRACE)] will be required to accurately
estimate the magnitude of Antarctic modern ice mass flux in the progressively warming world.
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1. Introduction response to modern melting has been computed using either
Climate is changing, with warming that leads to aRurer elastic Earth mode(ge.g.,Bevis et al. 2009Thomas

increase in ice melting and corresponding global mean seéaal' 2011 Arggs et al. 2014Martin-Espdiol et al. 201,6
level rise. Constraining and projecting sea level variabilit aron et al. 2018chumacher et al. 2016r by augmenting

requires an accuratsténate of the size and geometry of thé ese (;aICL:Iatlqu to I'_?dUde \./|scous.i;elaxatl?nhtovsxplaln
meltwater sources. One way to quantify ice mass flux is gomalously rapid upl t rates in specthceas of the West

measure the associated deformation of Earth. When égtarcﬂc (e.9.Nield et al. 2014Zhao et al. 201.7Barletta

melting occurs, the resulting (ice plus ocean) ma§% al. 201 With few exceptions (e.gArgus et al. 2014

redistribution pert unmisolidcE gt}a? & @ISZO rorHyvtl'ietv%rti[ca}l SQW%OPemefi Gé\l§%l
surface, and these effects can be measured using a Sui@%ﬁsurements as been conS|der§d n S_UCh ana_lyses.
Antarctia has a complex geologic setting that is not well

geodetic methods, including, for example, satellite gravit : . o
(ﬁ{?scnbed by purely elastic models. The East Antarctic is

observations and surveying using the Global Navigati ) ) R
Satellite System (GNSS). Such analyses require assumptiBﬂ@raCter'zed by an old, cold craton with a thick lithosphere

of E arhebldyioas response time to the loading ol excess of 200knmMorelli and Danesi 20Q4Heeszel et al.

shorter time scales (decadlese nt ur i es) Ea PRLA. g/ile the esf Anprelicds dqménated bYafa"ed rft
often assumed to be primarily elastic, whereas on long&fStem Worner 1993 that has thinned the lithosphere to
(e.g., ice age) time scafilQOEn &ngetal 2Glpkieeszel gt gy 2036Simples ¢ | ¢
viscoelastic. In this study, we usestWest Antarctic as a thermal interpretations of seismic tomographic images of the
case study of the transition between these two regimes.f§gion Ritzwoller et al. 2001 Morelli and Darsi 2004
particular, we adopt a series of {oelting scenarios Hansen et al. 2014 loyd et al. 2015Heeszel et al. 20)6
extending over the past 25 years and projecting into the ng¥ggest that mantle viscosities below parts of West
half century and incorporate 3D viscoelastic Earth stinect Antarctica are also significantly lower than both the regional
in glacial isostatic adjustment (GIA) simulations to explor@ntarctic and global average, with viscosities suggested to
the time scale over which viscous forces become significdit as low a;10'® Pas under, for example, volcanic Marie
in driving gravity perturbations and 3D crustal motions in thByrd Land Kaufmann et al. 200%ay et al. 201). While
South Pole region. uncertainty remains in mapping seismic wave speed
Geodetic measurements can provide important constraifif®malies to viscosity structure, these estimates are
on ice melt. For example, the Gravity Recovery and Clima@nsistentniwith rinferences ofstowasthenosphermatiessicid-19.0479
Experiment (GRACE), including a satellite missiorYiscosity based on analyses of GN&Sermined crustal
operational from March 2002 to October 2017 and tHplift rates in the Antarctic Peninsul&lield et al. 2014
current followon mission GRACEFO (laitnched May Zhao et al. 201)7and Amundsen Sea Embayment region
2018), maps geoid anomalies into surface mass Chan@%@rletta et al. 2018 Analysis of xenoliths collected from
assuming an elastic response of the solid Eathh¢ et al. Marie Byrd Land sugest that local viscosities in the shallow
1998. An analysis of GRACE data extending over th&hantle below this area may be as low aSB@ s
period April 2002 to January 2009 has argued that the WéEhatzaras et al. 2016. C. Kruckenberg 2019, personal
Antarctic lost an aerage of 135 26Gt of ice per year during communication).
this period Chen et al. 2009 This ice melt signal, This complicated 3D structure has already been studied in
particularly in the Amundsen Sea sector, appears to hdhe context of GIA in response to the last ice &gi{mann
accelerated since 2002 (e\gelicogna et al. 20148hepherd et al. 2005A et al. 2013van der Wal et al. 201&o0mez et
et al. 2013 However, substantial undainty in these al. 201§. However, such low viscosities indicate Maxwell
estimates comes from the contribution to mass changes fries of less thaa year, suggesting that viscous effects play
movement of the solid Earth associated with past loadifgole even in the response to modern melting over the West
over the last glacial cycle (i.e., GIA). GNSS measuremerAgitarctic. Previous studies have considered the impact of
in Antarctica are also sensitive to modern (arinueitury Vviscous relaxation on the response to modern melting at
time <ale) ice mass change and various approaches hatker sites characterized by shallenantle viscosities of
been used to separate this sighal from the GIA componengedler 10° Pas. These include examinations of the crustal
the crustal deformation. Within these analyses, the crustaésponse to melting in the Antarctic PeninsiNze(d et al.
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2014 Zhao et al. 2017 the Amundsen Sea Embaymentrust, 12 km to a depth of 220 km, and 25 km to a depth of
(Barletta et al. 2013 PatagoniaRichter et al. 2016 Iceland 350 km (see Fig. S1 in the online supplemental material). We
(Auriac et al. 2018 eastern Greenlandifan et al. 201 use the finitevolume software and gridding scheme in all
and Alaska Tamisiea et al. 200%James et al. 2009This calculations presented in this studylirding those in which
issue also motivated the study dhy et al. (2017)who Earth structure varies only with depth.
explored the impact of 3D lowiscosity structure beneath Our cal cul ati ons require two
the West Antarction the sea level fingerprints of moderrviscoelastic structure, and the spagme history of ice
melting and concluded that peak sea level fall in the Wesiver. We describe these inputs below.
Antarctic associated with a local melting event of duration
o . a. Earth models

25 years will increase by 25% relative to a purely elastic
simulation. We consider a suite &farth models in this study. All Earth

We have two goals in thitudy. First, we seek to estimatenodels assume a Maxwell viscoelastic mantle rheology that
the contribution of 3D variations in mantle viscosity beneaid compressible in the elastic limit. The elastic and density
West Antarctica to predictions of the gravitational field anstructures of the models are provided by the 1D seismic
crustal deformation response to ice mass flux over the pReeliminary Reference Earth Model (PREMziewonski
25 years and projected forward ovhe tnext half century. and Anderson 1991
Second, given the significant technical requirementsThe first Earth model is purely elastil£.). In this case,
involved in treating 3D viscoelastic Earth structure in sudhe computed perturbations to the solid surface and
loading calculations, we explore whether 1D viscositgravitational field do not depend on the duration of the
models can be found that provide a reasonaémulation, only onthe net change inice volume betvween
approximation of thee 3D effects. beginning and end of the calculation. The second model
(M1p) has viscoelastic structure that varies with depth alone.
2 Methods In particular, the 9&m-thick lithosphere overlies uniform

' upper and lower mantle viscosities 0 50*°and 53 10**Pa

To predict Earthos r espo nss@spdcivelyd This viscosByeprofileis shéwh fid. 2aa d i n g
must account, in a gravitationally selbnsistent manner, for (black curve). TheMip model is characteristic of 1D
the flux of water into and out of the ocean basins. In thgscosity models favored in most Gl#ased inferences of
present study we adopt the sea level theoryribest by mantle viscosity based on globally distributed datasets (e.g.,
Gomez et al. (2010)This theory assumes the initialLambeck et al. 1998Mitrovica and Forte 20Q4.au et al.
topography is known, and it incorporates effects associatzgi g. _ - B

. . . . . Downloaded from http://journals.ametsoc.org/jcli/article-pdf/33/2/443/4916135/jcli-d-19-0479_
with time-varying shoreline geometryghnston 1993viiine The third model¥3p) Is defined by an elastic lithosphere
and Mitrovica 1998Mitrovica and Milne 200Band load of variable thicknessFjg. 1B and 3D mantle viscosity
induced Earth rotatin variations litrovica et al. 200k structure Eig. 19. Globally, we adopt the spatially varying

In studies adopting 1D viscoelastic Earth models, loadimighospheric thickness model o€onrad and Lithgow
calculations inherent to the sea level theory are usually basgsttelloni (2006) but within the Antarctic plate we use the
on viscoelastic Love number theorPPeltier 1974 The higherresolution lithospheric model o&n et al. (2015a)
incorporation of 3D Earth structure requires a more complgke full model is scaled to yield a global mean lithospheric
treatment of loadnduced perturbations to the gravitationaghickness of 96km. The 3D mantle viscosity structurs!gf
field and crust, and in this regard we adopt the findiime  is built from three different seismic tomography studies that
treatment of Latychev et al. (2005) With recent span global to regional (Antarctic) scaRitsema et al. 2011
improvements (e.gHay et al. 2017Gomez et al. 20)8we Heeszel et al. 2016\n et al. 2015h The model, which is
extend the treatment to include a latgrathrying resolution described in full detail ifHay et al. (2017)involves a free
in the computational grid to accommodate available regiongdrameer that controls the level of lateral variability in
models of higher spatial resolution. The global model w@antle viscosity. In our standard run, this parameter is
adopt is characterized by an average spatial (horizontal &mbsen such that the Earth model is characterized by-a five
vertical) resolution of 12km to the base of the cruskn2®%  orderof-magnitude (peak to peak) variation in viscosity in
a depth of 220km, and 50km to the core mantle boundaflye asthenosphere bene&tst and West Antarctica, where
The regional model, which asymmetrically covers thge latter region has a minimum viscosity*®Pas. To test

Antarctic plate spatially, extends to depths of approximateliye sensitivity of the results to this choice, we consider two
350 km, and it is characterized by an average spatial

(horizontal and verticabesolution of 5 km to the base of the
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FiG. 1. Earth models: (a) 1D viscosity profiles that define two 1D Earth models describedentt(the black line is the 1D viscoelastic m
Mjpthat is in the class of viscosity profiles favored in most analyses of GIA data, the red line is the regionabrglegtviscosity structu
beneath Marie Byrd Land, used to construct mddigd, , the gray vertical line marks the boundary between the upper and lower mantle,
dotted black and red vertical lines in the rightmost part of the panel mark the base of the elastic lithosphevkgmrti®/ys models
respectively), (b) lithosphier thickness (km), and (c) mantle viscosity variation at-B26depth of the Earth modélisp; (c) represents tl
logarithm of mantle viscosity variations relative to the global background, 1D viscoelastic model [nex/riog){. Areas in white in (c) lie withi
the elastic lithosphere, and the dashed circle over Marie Byrd Land represents the region over which the average,ofiitisdegitly, is use
to construct the 1D mod#®yg,. . Here, (b) and (c) have been modifiechfrblay

etal. (2017) (Harig and Simons 2015Martin-Espdiol et al. 2016

Shepherd et al. 20).8

. . In the present study, we adopt a suite of iedtinistories

other values of the free parameter that yield minimum ) .
viscosities of 1& and 10°Pas beneath West Antarctica over the Antarctic. The first WO models_extend over .25 years

(1992 2017), consistent with the period over which the
(modelsMzp.. and Map., respectively). Globally, the 3D modern Antarctic Ice Sheet has been significantly out of
Earth models are constrained to have a spherically averagegss balance, that is, from 1992 to present 8hgfgherd et
depth profile that matches the modélp. The results are al. 2018). The first ice history €GR) is based on
relatively insensitive to this choice of spherically averagegeographically variable melt rates inferred from GRACE
viscosity given that we tune our model dr@arameter to satellite gravity data collected from 2003 to 20#4r(g and
yield specific lower bounds on viscosity {1010, or 13°  Simons 201} Specifically, the geometry of the ice melt is
Pas) beneath the West Antarctic. defined by the mean annual chaimgéce thickness over that

The fourth model Nive) Is a second 1D viscoelastictime period £ig, 23,and, we apely.,sonstant MEILYOIIDE o 15 oo

model constructed from the regional mantle viscosighange equivalent to 0.26mmyof global mean sea level

structure beneath Marie Byrd Land in mb&iésp, the area rise over the entire 2§ simulation Fig. 26 inset;Harig and
overlying the asthenospheric leviscosity zone in thMsp  Simons 2015

model. The model has a -Kin-thick lithosphere and @ Qur second ice history ¥IE) adops the full

highly variable mantle viscosity profiléig. 13 red curve) gspatiotemporal evolution of tdartin-Espdiol et al. (2016)

constructed by taking the cylindrical average of viscosipgconstruction from 2003 to 201%Fi¢. 2bshows the mean

with depth from the surface to the core mantle boundarynnyal ice thickness change across the entire period.) For the

using a 55&m-radius circle centered on 83, 128W (Fig.  period 19922002 we use the 2003 mass flux geometry in

10). the Martin-Espdiol et al. (2016)reconstruction and we

b. Ice model follow the integrated, timevarying mass flux inferred by the
IMBIE team for this 16yr period Shepherd et al. 2018ig.

The normalized, uniform melting, or full collapse scenarigc, inset). For 201417, the IME ice history adopts the 2013
generally used to calculate sea level fingerprints, inCIUdirr'#ass flux geometry in éMartin-Espaiol et al. (2016)
in the study ofHay et al. (2017)does not capture the )

) reconstruction and follows the integrated mass flux inferred
complex geometry or magnitude of recent mass loss

in . .
Antarctica. Ice mass reditoution occurs primarily via ice .by Shepherd et al. (20189r the same 4r period £ig. 2¢
streams within the ice sheet and via calving and melting ai

the periphery of the ice she@&gnnett 2003Shepherd et al.
2018. Antarctica contributed 0.2 0.11mmy#* equivalent
sea level rise over the period from 1993 to 204&ughan et
al. 2013 and this rate has increased considerably since 2010

tOur third ice history (MEG) is identical toIME over the
period 19922017, but it extends ik history
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FiG. 2. Modern ice thickness changes used to construct ice histories: (a) mean annual ice thickness change inferred fror

GRACE satellite gravity observations over 2008 (Harig and Simons 20)5(b) the mean annual ice height change

inferredby Martin-Espdiol et al. (2016pr the period 2003L3, and(c) GMSL times seriesfor the ice histories described in

the text [the main plot showsMEG, and the inset showsdR (orange) andME (black)].
for 50 additional years, to 2067. Over this latter period, tiem GIA datasets, is essentially indistinguishable from a
geometry of the mass flux is held fixed, and the integratedrely elastic Earth model.
magnitude of the flux follows the trend predicted by In the following sections, we plot predictions basedhe
Golledge et al. (2019n their coupled ice sheet/ice shelfmodelMzpand the difference in predictions based on the pair
simulations of the Atarctic Ice Sheet over the tweritgst  of models Msp, Me) and Msp, Muel). The first of these
century Fig. 20. pairs represents the viscous signal embedded within the 3D
Earth model simulation. The difference in the second pair
quantifies he extent to which the regional, 1D viscosity
model Myg. captures the viscous signal within thMep-

The Maxwell time associated with the mblipis of the based simulation.

order of a millennium and, as a consequence, all of the 25
simulations we performed yielded negligible differences
between predictions based on Mg andMg_ Earth models.
We therefore omit results generated usingMhgmodel in
thefigures discussed below. For the purposes of this study,
the M;p model, a standard mantle viscosity profile inferred

3. Results and discussion
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a. Geoid rate predictions The difference in the peak rate over the West Antarctic

Figure 3ashows the rate of change in the height of gredicted using thélus. andMso models is less1% (Fig.

geoid at the end of the 38 simulation computed using theg,c)’ |n.d|cat|n.g .that the 1D model tuned to. the regional
viscosity variatim beneath the West Antarctic accurately

M3zp Msp minus Mg, Msp minus Mg,

I-GR
-
-»

I-ME

SEEESEE— " _Mom ht[p://joumals.ametsoc.orgljdﬂawelasljcli-d-19-0479_
30 -20 -10 0 10 0.1 0 0.1 0.2 0.3 0.4 -0.1 0 0.1 0.2 0.3 0.4
mmfy mm/fy mm/y

Fic. 3. Impact of viscous relaxation on geoid height due to modern ice mass flux: (a) predicted rate obfchaaigkheight after 25 yr
loading calculated using the ice historER and the Earth 3D modklsp, and differences between the geoid height rate after 25 yr of I
predicted using the 3D Earth modéh, and the 1D Earth models (Mg and (c)Myg. (i-e., 3D prediction minus 1D prediction). {df) As in
(a)i (c) except that the calculations are based on the ice hiskbEy |
Msp model andthe FGR ice history. This rate, which captures the 3D Earth model prediction.
incorporates perturbations associated with both the ice masshe results irFigs. 3df are analogous to the top row of
flux and the associated adjustment of the solid Earth, hagha figure, but based on the more spatially resolved ice
peak negative value g8.5mmyf! over the West Antarctic history FME. The peaks in the predicted signal based on the
and a peak positive value of 0.6mflyover the East modelMspare more localized, reflecting the geometry of the
Antarctic. Figures 3b and 3cshow the difference in underlying mass flux (e.gkig. 2b, and the amplitudes are
predictions of the geoid height rate change generated usémgnificantly higher. The viscous signal in the geoid rate
the 3D Earth model prediction and the two 1D modiéls peaks at 0.37mm¥fr(Fig. 3e 1.3% of the peak iffig. 3d
and MwgL, respectively. The magnitude of the peak geoiand, as in the predictions based on the ice hist@R this
rate over the W& Antarctic in Fig. 3ais 6% smaller signal is captured to within 0.3% accuracy with the 1D
(;0.2mmy#Y) than the analogous predictions based on théscoelastic modeMyg. derived from regional structure
model Mg, reflecting an increased compensation of theelow the West Antarctidg. 31).
geoid signal (due to ice mass loss) associated with uplift ofThese results indicate that lexiscosity stucture beneath
the crust due to viscous mantle flow relatito the the West Antarctic has a relatively small impact on
compensation computed using a purely elastic Earth modaledictions of geoid rate, and that analyses of-Gd#ected
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GRACE measurements over the West Antarctic do not inaugar the Amundsen Sea Embaymeig (2. The viscous

significant errors in assuming that component of the uplift field peaks at 14maAtyFig. 4b.
Msp Mjp minus Mg, Msp minus My,

A B C

20 0 20 40 60 8 100 2 0 2 4 ) g 10 2 0 2 4 6 8 10
mm/y mm/y mm/y

EEP S [
P

f . 4

.- - ‘,5' €4 *
o i e g
y / L/ .
o e
* ” S— .
5 mmly i 1 mmly = = 1 mmly
S—
0 5 10 15 15 2 25 25 -2 15 1 05 0 05 1 15 2 25 .
mm/y mm/y Downloaded from ht[p://Journals.ametsoc.opgﬂgyamcle-pdf/33l2l443/4916135/1cl|-d-19-0479_

FiG. 4. Impact of viscous relatian on crustal motion due to modern ice mass flux: (a) Predicted vertical crustal rate after 25 yr o
calculated using the ice histosME and the Earth mod@ll;p. Differences between the crustal uplift rate after 25 yr of loading predictec
the 3D Earth modéV;pand the 1D Earth models (Mg and (¢)Mye. (i.€., 3D prediction minus 1D prediction). (d) The horizontal crusta
after 25 yr of loading calculated using the ice histelyH and the Earth mod# s, (arrows, with scale bar abttom right; the arrows relate
predictions at sites situated at the tail of the arrow); color contours represent the magnitude of the horizontal catg$fevantes between 1
horizontal crustal rate after 25 yr of loading predicted using thes8fh modeMspand the 1D Earth models (&) or (f) Mg (i.€., 3D predictio
minus 1D prediction); contours represent the magnitude of the 3D

prediction minus the magnitude of the 1D prediction. The ratio ofFigs. 4b and 4adicates that the viscous signal
reaches;20% of the full calculation in regions where
modern ice mass loss drives a purely elastic solid Eagignificant uplift rates are predicte#i§. 53. A significant
response. component of this viscous signal is captured in the
calculation based on the 1D, regionally inferred viscoelastic
Earth modelMyg.; within the zone of pronounced ice
Next, we consider predictions of crustal deformation rateselting in the West Antarctic, the discrepancy between
computed using ice historyME (top rows ofFigs. 4and5, predictions based on mode¥e. andMsp (Fig. 49 ranges
and all ofFig. 6). The vertial component of these rates hagrom 25.6 to 3.3mmy# (cf. Figs. 5a and Sfwe return to this
served as the primary dataset in analyses of GN$8int below).
measurements across the Antarctic. These results demonstrate that adopting elastic Earth
Crustal ufift rates predicted using the 3D Earth modeiodels to correct GNSS measurements of vertical crustal
Msp (Fig. 49 are characterized by a peak value of 90mimyrrates for the signal due to modern melting e tWest
at the location of greatest ice mass flux in #\H history,

b. Crustal deformation rate predictions
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modelsM3p and Mg, (difference of 3D2 1D prediction divided by 3D prediction; i.e€5jg. 3€Fig. 3d. Results are
onlyshownforsitesinwhichpredictionsusMgparegreaterthan10%ofthepeakpredictionforthismodel.(b)Asin(a), but for
the 1D Earth modeMyg,. (i.e., Fig. 3fin the numerator). (c),(d) As in (a) and (b), but for predictions at year 50 of
theprojectionicehistoryMEG.(e),(f)Asin(a)and(b),butforpredictionsatyear75oftheprojectionicehistB/G.

contribution from the GIA process. Alternatively, using ¢he difference over the full 2 time window between a
GlA-corrected field of measured crustal uplift to estimatgrediction based on the 3D viscoelastic moleb and a
modern mass flux would overestimate this flux if a purelgrediction that either adopts a purely elastipoese of the
elastic response is adopted to compute the response to reselid Earth or models the viscous response using a 1D
melting. regionally inferred viscosity profile.

Next, we turn to predictions of horizontal crustal motions Site 5 (GNSS site TOR) lies closest to the region of
predictedat the end of the 2§r I-ME simulations.Figure highest ice mass flux and both the prediction of crustal uplift
4d shows the results based on maddeb; Fig. 4eshows the and the viscous component of this signal are the largest of
contributions to this field from viscous effects (i.e., théhe three sites; the viscous component reaches 8.8, 0.3, and
vector difference of predictions based on modéls and 0.5mmy#! for crustal rates of uplift,eastward, and
Masp), while Fig. 4fis the diference in predictions based omorthward horizontal deformation, respectively, at the end
modelsMyeL andMap. of the 25yr simulation. The prediction based on the 1D

Within the zone of crustal uplift{g. 49, the horizontal model tuned to the regional viscosity profile beneath this
rate predictions based on the 3D Earth mddg)emanate region of the West AntarcticMwe., performs well in
outward from the zone of peak upliffi§. 49, with peak recovering theuplift rate signal generated with the model
rates that reach 15mn#yr A comparison of this prediction M3p, but the discrepancy between predictions of horizontal
with the viscous signaF{g. 4¢€ note the different scale of rates between these two modelslyg. and Msp) is
the arrows in the two panels) indicates that the outwasi@nificantly larger than the viscous signal (iMgp 2 ML)
pattern in this region is dominated by elastic flexuan{es after 25 years (1.1 vs 0.3mmyin the eastward direction,
and Morgan 1990 Nevertheless, the viscougisal, which  and 1.6 vs 0.5mm§rin the northward direction). That is,
drives horizontal deformation inward toward the areas @f]e would incur a greater error using the regiona| 1D
melt James and Morgan 199@xceeds 3mmgiwithin the  viscosity model Mye. than a purely elastic model in
zone of crustal uplift, and remains above 1ntthwrell predicting horizontal crustal rates at this site computed using
outside this region, particularly in oceanic crust to the northe 3Dviscoelastic modd\lsp.

(Fig. 4. The prediction based on the 1D regional viscosity The viscous signal at site 3 (CLRK) is of orgemmy*

model Mve. Within the West Antarctic fails to capture thepr less, and simulations based on madgl. have more

viscous signal in the 3D simulation (i.e., the residualdn  succes8™ A EE B0 IRy LA BB AEHERT B P i T4 S c!-0-19-0479.
4f are of similar magnitude to the viscous signaFig. 49 horizontal crustal response. For example, at the end of 25

and is, in generatomparable in performance to the elastigears, the viscous signal in tisp response for the three

model as an approximation to the 3D viscoelastic simulatigfstal deformation components is 1.1, 0.9, and 0.3/myr

based orMsp. This conclusion is further reinforced whenespectively, while the analogous predictions for Nhgs.

considering results within Marie Byrd Land alone (see Figimulation (€., Msp 2 MygL) are lower:20.1, 0.5, and

S2 and caption in the online supplenamhaterial). 0.2mmy#L.

Figure 6 tracks predicted crustal rates at three gjie 4 (SDLY) is closest to the mantle region of lowest
representative GNSS sitdsigs. 6 d; locations are shown viscosity in the Earth mod®lsp (seeFig. 19. As for site 3,
in Fig. 69 in the West Antarctic. (Rates are computed usiqge modeMye is able to capture nearly all of the viscous
a sliding window of 5 years.) These sites lie on arie@stt  c,mponent of crustal plift at site 4, and a substantial
arc that spans the zone used to average viscosity in figion of the component for the horizontalnorth rate,
construction of the 1D regional mod@le. (cf. the location  yq5qciated with the prediction based on the 3D Earth model

of the three sites iig. 6aand the dashed circle #g. 19. .- however, it does only marginally better than the model
We show the prediction generated using the 3D wscoelaq\y'%L in predicting the horizontadast rate coputed using
Earth modeMsp (top row of each panel; black lines) and thg, o 3p viscoelastic modéfsp.

difference in the predictions (bottom row on each panel)CIearIy

the magnitude of the viscous response in
based on model

_ _ predictions of 3D crustal rates, and the ability of the 1D
Mapand either modeMe. (blue lines) or modeMue (red  model Mye. to recover this response, will depend on the
lines). The figure provides a measure of the progressionidigation of the site relative to both the geometf the ice



452 JOURNALOFCLIMATE VOLUME 33

mass flux and the detailed variability in viscosity antflspand the differenceMlzp 2 Mg andMazp 2 Myge.
lithospheric thickness that characterizes any 3D mOdce|Sensitivity analysis: Varying the minimum viscosity
prediction. Table lexplores this issue further by showing™ '
predicted 3D crustal rates at all 10 GNSS sitgSign 6aat ~ Next, we repeat the calculations based on iMElice

the end othe 25yr simulation for model history, but vary the mapping from seismic velocity
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Fic. 6. Solidsurfacedeformationratespredictedatthree GNSSsitesasafunctionoftime
usingtheicehistoryME:crustalratepredictionsatthreeGNSSsites(b)CLRK,(c)SDLY, and
(d) TOMO [(a) the locations of these three GNSS sites, as well as seven others considered
in Tables 1 and 2, superimposed on mean ice height changes ffam 2, showing
predicted (left) vertical, (center) eastward horizontal, and (right) northward horizontal rates
as a function of time across the-@5simulation (19922017). For (b)(d), the top rev
shows predictions based on the 3D viscoelastic Earth nMgle(black lines) and the
bottom row shows the residual between the following pairs of predictibhs2 Meg;
blue) and M3p2 My ; red). All rates are computed with a running time window of.5 y

Downloaded from http://journals.ametsoc.org/jcli/article-pdf/33/2/443/4916135/jcli-d-19-0479_
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MBL anomalies to viscosity to consider Earth models in which the
M(.015 0.1Qp40 minimum viscosity below the West Antarctic is reduced t4 Pas
3 2 22 and increased to {TPas (models
AW 0.250.86.07 ) . o -
Msp.L andM3ap.y, respectively). The viscous signal in predictions of
ird(mmyr . . .
_ o 0.6BUEBAYB2B.55 the peak magnitude of geoid rate, crustal uplift rate, and the two
'ence'”theprEd'Ct'O”SfromtheEa1hm‘dla'l components of the horizontal crustal rate (i.e., the difference in the
2 peak magnitude of these quantities computed using the set of 3D
. " N g ;2 2 2| Earth models and thdlg, model) as a function of the minimum
@Et)o%el%c.lg)%t%%\{se showpredictipnstnaize viscosity below West Antarctica is summarizedrig. 7. The viscous

signal in the peak geoid rate is less than 1nhfigr all three cases.
In contrast, the viscous signal in the crustal defdionaates ranges
from 6 to 32mmy# for uplift and from 1 to 9mmy# for horizontal

200.660.3410.351.960.41

1.190.530.220.040.07

deformation.
0.800.010.441.075.3¢p.23 M= . . .
) M d. Sensitivity analysis: Projections across the next 50 years
53 As a final analysis, we perform a simulation that extends the
EL 2 |M calculation based on ice historE for an additional 50 years using
d(mmyr MooopasRasn 12 the global mean sea level (GMSL) trend predicte@bifedge et al.
110.550.725.180.13 I\E/IL (2019) for the Antarcic Ice Sheet. TheGolledge et al. (2019)
minusprediction 2 projection of Antarctic ice mass flux was generated using a coupled
D, ice shedtice shelf model forced with a climatology based on CMIP5
7008.521.280.5A0.480.593.263.08 | M outputs, with additional ice shéetimate feedbacks, and in the
o period 201767 it projects a GMSL rise 060 mm ig. 2¢ main
M D, plot). To be consistent with our construction of tHdE model, we
Mi22222 assume that the ice melt geometry across thigr §riod is given
Fig.6a by the mass flux in the final year of tMartin-Espdiol et al. (2016)
MBL reconstruction, and we scale the total melt to follow the GMSL curve
) 0.08.19 of Golledge et al. (2019)We denote the model asMEG, and
Viscouscomponentoﬁhissignal(pnedictig)n 22 2 2 emphasize that the first 25 years of they7tce history are identical
3 |\/3| to model }ME. Downloaded from http:/journals.ametsoc.org/jcli/article-pdf/33/2/443/4916135/jcli-d-19-0479_
The bottom two rows offig. 5show reslts analogous to the top
= rowd predictions of crustal uplift rates at the-@5mark of the IME
787@@@1.53%%%&8%"0 60 simglatiorﬁ at years 50 and 75 of theMEG simulations. .Onf:e .
rmationratesatl0GNSSsites(as 1be|3désee again, the left panel on each row represents the Contnbutlon, In
M percent, of the viscous signalative to the signal predicted using the
ninformationUpward (i, 3D .vis_coela.sti_c modelM3zp (i.e., Map pre(_iiction minus M_EL
CAALFASHIARBIR 8I811253.98 prediction, divided by the former). The right panel provides a
D, M measure of the ability of the 1D, regionally tuned mobiglg., to
M capture these viscous effec(i.e., Msp prediction minusMwmgs.

prediction, divided by the former). In the case of the right column,

one should focus on the region close to Marie Byrd Land since the
1D viscosity profile was based on averaging the viscosity below this
region Fig. 1g dashed circle). However, the large discrepancies

evident at other sites

basedonthe3H¥i_§\F£rﬁa§gﬁ_l%%rt hmodel

1 2222222222
wee M RARS HICRFGABITINGRL v
M
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duration of the ice historyMEG. The conclusions derived

0.:5 A from Fig. 6 for sites within the region of significd mass
0.75| fluxd namely, that the regional modéVlys. does a
go?? reasonable job at capturing the viscous effects in crustal
= uplift rates predicted using the 3D modi&lp, and that the
025 same is not in general true for horizontal rAtesontinue to

hold across the tmer simulation. We note also that the
viscous signals (blue lines Figs. 8l d) and the residuals
between predictions based on modélsp and MusL
increase monotonically over time for all three crustal rate
components.

4. Conclusions

The Antarctic Ice Sheet is a central focus of studies
investigating the impact of global climate change, and
geodetic measurements, including GRA&Aellite gravity
data and surveying using GNSS, play a key role in many
such studies. These studies follow two distinct approaches.
First, the geodetic measurements are corrected for the
ongoing influence of the ice age (i.e., GIA) and the residual
_ signd is used to estimate modern ice mass flux. Second, an

o ,OQ(WSC{;;W Pas) iy independent estimate of modern ice mass flux is used to

correct the observational data, leaving a signal that is
FiG. 7. Sensitivity of peak geoid and crustal uplift predictions t@nalyzed to constrain the GIA process. In both these
variations in mantle viscosity: (a) Peak difference in the rate of chan@@proaches, a mapping is requiretvbeen modern ice mass

of the geoid predicted using the 1D Earth mddel and the 3D Earth flux and perturbations to the Earth system associated with
modelMzp (i.e., 1D prediction minus 3D predioti) as a function of the thig flux.

minimum viscosity in the sublithospheric mantle below West Th | of th
resen h n D model
Antarctica. (b) As in (a), but for crustal uplift rate. (c) As in (b), but for e goal of the present study has been to use a 3 ode

. . . PN of mantle viscosity to quantify the impact of viscous
the peak difference in the horizontal crustal rate in thé wast (blue) Downlgaded from¥mp:/l'0uﬂals.am_et qc.or%jclilanic o-pdf/33/2/44314916135/cli-d-19-0479

and nortisouth (ed) directions. relaxation of the solid Earth within the Antarctegion on
predictions of geoid height changes and crustal deformation
. o ) rates driven by modern melting, a component of the
"? the'West Antarc'gc Higs. 5d.) emphqsmeg that f"‘ ,1Dresponse that has sometimes been neglected in previous
viscosity model derived from mantle viscosity vanationg, o our analysis has involved simulations of duration 25
below one reglon. cannot be mterpreted as an approprlgh% 75 years; the fornis consistent with the period during
model for computing the response in the West Antarctic fie. modern over which mass flux from the Antarctic is
a Whol_e. ) oo thought to have been significal8Hepherd et al. 20),.8and
.Movmg down the left column ofig. 5 indicates that the latter allows us to estimate the viscous signal associated
viscous effects peak at 20%, 35%, and 55% of the S|gnam th Antarcti cad@®chlegplretoa. 20&g ed m

the prediction of crustal uplift rates based on the 3eolledge et al. 201Bulthuis et al. 201pas Earth moves
viscoelastic modeW;p at years 25 (i.e.,calendaryear2017further into a warming world. Moreover, we have

as discussed above), 50, an8 @f the simulation. A considered a series of ice histories, and quantified the extent

comparison of these values with the results in the rig{g)t which 1D models of mantle viscosity can accurately
column indicates that using the 1D viscosity mddegk. in account for viscous effects

place ofMg. captures only about half of this viscous signal We have found that the viscous signal indicéions of

near the zone of major ice mass flux. peak geoid height changes in a laterally varying Earth model

Figure 8andTable2 arg analogous tig. 6_ar1d (i.e.,Map) are at the level of 0.5mnijat the end time of the
Tablel except thatthefigure track; predictionsof _crust@lS_yr simulations, and conclude that studies analyzing
rates at the same three GNSS sites for the entifgr 75existing GRACE gravity data by assuming that modern mass

UTTy7

N(mm")‘)
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flux drives a purely elastic response of the solid Earth wikvel. This minor level of inaccuracy can be decreased by
marginally overestimate the associated geoid signal at thisdeling the

Downloaded from http://journals.ametsoc.org/jcli/article-pdf/33/2/443/4916135/jcli-d-19-0479_

FiG. 8. As inFig. 6 except using-MEG and the simulation extends for a total of 75 yr.



